
Supplementary Fig. 1｜UDCA inhibits Treg differentiation in tumor mice. a, 

CCK-8 analysis of the viability of MC38, B16-F10, and LLC cells treated with 50 μM 

UDCA for the indicated time. b, FC analysis of the indicated cell subsets in CD45+ 

TILs from LLC tumor-bearing mice that received i.p. injection of 30 mg kg-1 UDCA 

every 2 days on day 18. c, Tumor sizes and mouse survival of LLC tumor-bearing 

NSG and nude mice that received i.p. injection with 30 mg kg-1 UDCA every 2 days. 

d, Tumor sizes and mouse survival of LLC tumor-bearing mice that received i.p. 

injection of 30 mg kg-1 UDCA every 2 days and 120 μg anti-CD4-neutralizing 

antibody (anti-CD4) or 40 μg anti-CD8 every 3 days. e, FC analysis of Ki-67+ Tregs 

in TILs of LLC tumor-bearing mice that received i.p. injection of 30 mg kg-1 UDCA 

every 2 days on day 18. f, g, Tumor sizes and mouse survival (f) and FC analysis of 

Foxp3+ or Foxp3-CD4+CD45+ T cells and CD8+CD45+ T cells in TILs on day 18 (g) 

of LLC tumor-bearing Smad3-/- mice that received i.p. injection with 30 mg kg-1 



UDCA every 2 days. Representative results from three independent experiments are 

shown (n = 3-5). ns, not significant (unpaired Student’s t-test except log-rank test was 

used for survival rate analysis; mean and s.d.). 

 

  



Supplementary Fig. 2｜UDCA inhibits Treg activation in tumor mice. a-c, FC 

analysis of TGF-β1 (a), CTLA4, ICOS and GITR (b) on Tregs in TILs, Tregs in the 

spleen (c) and ELISA analysis of TGF-β1 protein in the supernatants of splenic 

CD4+CD25+ Tregs stimulated with anti-CD3 and anti-CD28 for 48 h (d) and FC 

analysis of CTLA4, ICOS and GITR on Tregs in the spleen (e) of LLC tumor-bearing 

mice received i.p. injection of 30 mg kg-1 UDCA every 2 days on day 18. f, FC 

analysis of the proliferation of CFSE-labeled CD4+ or CD8+ T cells cocultured with 

CD4+CD25+ Tregs isolated from the spleen of LLC tumor-bearing Tgfbr2f/fEr-cre 

mice that received i.p. injection of 30 mg kg-1 UDCA every 2 days on day 18 at a 4:1 

ratio in anti-CD3 and anti-CD28-coated plates for 5 days. Representative results from 

three independent experiments are shown (n = 3). *P < 0.05; **P < 0.01 and ns, not 

significant (unpaired Student’s t-test; mean and s.d.). 

 

 



 

Supplementary Fig. 3 ｜ Reduced TGF-β contributes to UDCA-mediated 

inhibition of Treg differentiation and function. a, FC analysis of Foxp3+CD4+ T 

cells in naïve CD4+ T cells stimulated with anti-CD3, anti-CD28, and 50 μM UDCA, 

as well as 2 ng TGF-β1 for 4 days. b-c, FC analysis of proliferation (b) and apoptosis 

(c) of naïve CD4+ T cells stimulated with anti-CD3, anti-CD28, and 50 μM UDCA for 

4 days. d, FC analysis of Foxp3+CD4+ T cells in naïve CD4+ T cells stimulated with 

anti-CD3 and anti-CD28  in the presence of 50 μM taurolithocholic acid (TLCA), 

chenodeoxycholic acid (CDCA), UDCA, lithocholic acid (LCA), deoxycholic acid 

(DCA), glycocholic acid (GCA) or cholic acid (CA) for 4 days. e, Real-time PCR 

analysis of the Tgfb1 gene in naïve CD4+ T cells stimulated with anti-CD3, anti-CD28, 

and 50 μM UDCA for the indicated times. f-h, IB analysis of the indicated proteins (f) 

or real-time PCR analysis of the indicated genes (g, h) in naïve CD4+ T cells 
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stimulated with anti-CD3 and anti-CD28 in the presence of 50 μM UDCA for 24 h (f) 

or for the indicated time (g, h). i-k, FC analysis of Foxp3+CD4+ T cells in naïve CD4+ 

T cells stimulated with anti-CD3, anti-CD28 and 50 μM UDCA, as well as 2 ng latent 

TGF-β1 (i), 0.5 μM ALK5 inhibitor (SB431542) (j), or 2 μg ml-1 anti-TGF-β1 (k) for 

4 days. l, FC analysis of Foxp3+CD4+ T cells in naïve CD4+ T cells from 

Tgfbr2f/fEr-cre mice stimulated with anti-CD3, anti-CD28, and 50 μM UDCA for 4 

days. m, ELISA analysis of TGF-β1, TGF-β2 and TGF-β3 proteins in LLC-OVA cells 

treated with 50 μM UDCA for 24 h. n, FC analysis of Foxp3+CD4+ T cells in naïve 

CD4+ T cells from OT-II mice cocultured with LLC-OVA cells with 50 μM UDCA in 

serum-free medium for 4 days. o, FC analysis of TGF-β1, CTLA-4, ICOS, and GITR 

on UDCA-induced Tregs. p, FC analysis of the proliferation of effector CD4+ T and 

CD8+ T cells cocultured with GFP+ Tregs induced by anti-CD3, anti-CD28, and 

supernatants from LLC-OVA treated with or without 50 μM UDCA at a ratio of 4:1 

for 3 days. Representative results from three independent experiments are shown (n = 

3). *P < 0.05; **P < 0.01; ***P < 0.001 and ns, not significant (unpaired Student’s 

t-test; mean and s.d.). 

 

  



 

Supplementary Fig. 4｜UDCA induces autophagy-dependent degradation of 

TGF-β via the TGR5-cAMP-PKA axis. a, b, IB analysis of TGF-β1 (a) and FC 

analysis of Foxp3+CD4+ T cells (b) in 50 μM UDCA-, TGR5 agonist INT777- or 

FXR agonist INT747-treated naïve CD4+ T cells stimulated with anti-CD3, anti-CD28 

for 24 h (a) or 4 days (b). c, d, cAMP levels (c) and IB analysis of p-PKA (d) in naïve 

CD4+ T cells stimulated with anti-CD3, anti-CD28 and 50 μM UDCA for 24 h (c) or 

the indicated time (d). e, IB analysis of TGF-β1 in naïve CD4+ T cells stimulated with 

anti-CD3, anti-CD28 and 50 μM UDCA along with 5 μM CHX for 8 h. f-i, IB 

analysis of TGF-β1 (f, h) and statistical analysis of TGF-β1 stability (g, i) in Atg3 (f, 

g)- or Atg5 (h, i)-deficient naïve CD4+ T cells stimulated with anti-CD3 and 

anti-CD28 for the indicated times. j, k, IB analysis of TGF-β1 (j) and FC analysis of 

Foxp3+CD4+ T cells (k) in naïve CD4+ T cells stimulated with anti-CD3, anti-CD28 

and 50 μM UDCA, as well as 1 nM Baf-A1 for 24 h (j) or for 4 days (k). i, IB 

analysis of TGF-β1 in HEK293T cells (overexpressing exogenous TGF-β1) treated 

with 50 μM UDCA and 10 nM Baf-A1 for 24 h. Representative results from three 

independent experiments are shown (n = 3). **P < 0.01; ***P < 0.001 and ns, not 



significant (unpaired Student’s t-test; mean and s.d.).  

 

  



Supplementary Fig. 5｜UDCA induces p62-dependent sorting of TGF-β into 

autophagosomes. a, b, IB (a) or immunofluorescence (b) analysis of LC3B in naïve 

CD4+ T cells stimulated with anti-CD3, anti-CD28, and 50 μM UDCA for the 

indicated time (a) or for 24 h (b). c-g, Immunofluorescence analysis of LC3B and 

TGF-β1 HEK293T cells stimulated with 50 μM UDCA (c) or in naïve CD4+ T cells 

stimulated with anti-CD3, anti-CD28 and 50 μM UDCA, as well as 5 μM 

MDL12330A (an inhibitor of adenylate cyclase) (d) or 2 μM H89 (an inhibitor of 

PKA) (e), or in naïve CD4+ T cells stimulated with anti-CD3, anti-CD28 and 100 μM 

IBMX treatment (f) and in NIH-3T3 cells with PRKACA overexpression (g) for 24 h. 

h, IB analysis of TGF-β1 in UDCA-treated NIH-3T3 cells silenced with the indicated 

genes. i, Confocal microscopy analysis of PLA+ spots showing the interaction 

between TGF-β1 and LC3B in HEK293 cells transfected with NC or p62 siRNA 

followed by DMSO or 50 μM UDCA treatment for 24 h. j, k, IB analysis of TGF-β1 

(j) and FC analysis of Foxp3+CD4+ cells (k) in p62-knockdown naïve CD4+ T cells 



stimulated with anti-CD3, anti-CD28 and 50 μM UDCA for 24 h (j) and 4 days (k). 

l-o, Immunofluorescence analysis of p62 and TGF-β1 in naïve CD4+ T cells 

stimulated with anti-CD3, anti-CD28 and 50 μM UDCA, as well as 5 μM 

MDL12330A (l) or 2 μM H89 (m), in naïve CD4+ T cells stimulated with anti-CD3, 

anti-CD28 and 100 μM IBMX treatment (n) and in NIH-3T3 cells with PRKACA 

overexpression (o) for 24 h. NC, negative control. Scale bar, 2 μm. Representative 

results from three independent experiments are shown (n = 3-13). **P < 0.01; ns, not 

significant (unpaired Student’s t-test; mean and s.d.).  

 

  



Supplementary Fig. 6｜CHIP mediates K63-linked ubiquitination of TGF-β1 at 

K315. a, IB analysis of p62 and TGF-β1 in lysates of HEK293T cells transfected with 

vectors expressing Flag-TGF-β1 and Myc-p62_FL or Flag-TGF-β1 and 

Myc-p62_UBAΔ for 24 h assessed after IP with anti-Flag. b, c, IB analysis of total (b) 

or K63-linked (c) ubiquitination of TGF-β1 in lysates of HEK293T cells transfected 

with vectors expressing Flag-TGF-β1 and HA-Ub, with or without vectors expressing 

Myc-PRKACA for 24 h assessed after IP with anti-Flag. d, E3 ligases interacting with 

TGF-β1 (blue) or PKA (pink) and TGF-β1 and PKA (purple). e, IB analysis of 

TGF-β1 in NIH-3T3 cells transfected with the indicated siRNA for 24 h and then 

treated with 50 μM UDCA for another 24 h. f, IB analysis of TGF-β1 in 

CHIP-knockdown NIH-3T3 cells transfected with or without vectors expressing 

Myc-PRKACA for 24 h. g, h, IB (g) or real-time PCR (h) analysis of TGF-β1 in 

HEK293T cells transfected with or without vectors expressing Myc-CHIP for 24 h. i, 

IB analysis of TGF-β1 ubiquitination in HEK293T cells transfected with vectors 



expressing the indicated TGF-β1 mutants with Flag tag and vectors expressing 

Myc-PRKACA and HA-Ub for 24 h assessed after IP with anti-Flag. Representative 

results from three independent experiments are shown (n = 3). NC, negative control. 

ns, not significant (unpaired Student’s t-test; mean and s.d.).  

 

  



Supplementary Fig. 7｜TGF-β1 phosphorylated by PKA has an enhanced ability 

to bind CHIP. a, b, IB analysis of p-Ser/Thr of CHIP (a) or TGF-β1 (b) in lysates of 

HEK293T cells transfected with vectors expressing Flag-CHIP (a) or Flag-TGF-β1 (b) 

as well as vectors expressing Myc-PRKACA for 24 h assessed after IP with anti-Flag. 

c, IB analysis of PRKACA in lysates of HEK293T cells transfected with vectors 

expressing Flag-TGF-β1 and Myc-PRKACA for 24 h assessed after IP with anti-Flag. 

d, e, IB analysis of CHIP in HEK293T cells treated with 50 μM UDCA (d) or 

transfected with vectors expressing Flag-CHIP and Myc-PRKCA (e) for 24 h. f, IB 

analysis of CHIP in lysates of HEK293T cells transfected with vectors expressing 

Flag-TGF-β1 and His-CHIP, as well as vectors expressing Myc-PRKACA for 24 h 

assessed after IP with anti-Flag. g, Alignment of TGF-β1 orthologs. Asterisk, Thr 282. 

h, IB analysis of ubiquitinated TGF-β1 in HEK293T cells transfected with vectors 

expressing His-CHIP and Flag-TGF-β1WT or Flag-TGF-β1T282A assessed after IP 

with anti-Flag. i, IB analysis of TGF-β1 in HEK293T cells transfected with vectors 

expressing His-CHIP, Myc-PRKACA and Flag-TGF-β1WT or Flag-TGF-β1T282A. 

Representative results from three independent experiments are shown. 

  



 

Supplementary Fig. 8｜CHIP is negatively associated with tumor progression by 

reducing TGF-β. a, FC analysis of TGF-β1, CTLA4, ICOS, and GITR of human 

Tregs induced by anti-CD3 and anti-CD28 stimulation for 4 days cultured in 

supernatants of A549 cells prestimulated with 50 μM UDCA for 24 h. b, FC analysis 

of proliferation of CFSE-labeled CD4+ or CD8+ T cells cocultured with CD4+CD25+ 

Tregs obtained at a 4:1 ratio in anti-CD3 and anti-CD28-coated plates for 5 days. c, 

Correlation between p-PKA and CHIP protein levels. d, WB detection of CHIP in 

MC38 and MC38-Chip-/- cells. e, CCK-8 analysis of the viability of MC38 and 

MC38-Chip-/- cells. f, Tumor sizes and mouse survival of MC38 and MC38-Chip-/- 

tumor-bearing nude mice. Representative results from two or three independent 

experiments are shown (n = 3-5). *P < 0.05; **P < 0.01; ***P < 0.001 and ns, not 

significant (unpaired Student’s t-test except log-rank test was used for survival rate 

analysis; mean and s.d.). 

 

  



Supplementary Fig. 9｜UDCA enhances the antitumor effects of anti-PD-1. a, 

Tumor sizes of LLC tumor-bearing mice received oral administration of 30 mg kg-1 

UDCA every other day along with intravenous injection with 50 μg anti-PD-1 every 4 

days and i.p. injection with 60 mg kg-1 HCQ every other day. b, Tumor sizes of LLC 

tumor-bearing Tgfbr2f/fEr-cre mice that received oral administration of 30 mg kg-1 

UDCA every other day along with intravenous injection with 50 μg anti-PD-1 every 4 

days. c, Tumor sizes of LLC tumor-bearing mice received oral administration of 30 

mg kg-1 UDCA every other day along with intravenous injection with 50 μg anti-PD-1 

every 4 days and i.p. injection with 100 μg anti-CD25 every 3 days. d, Construction 

strategy of humanized PD-1 mice. e, FC analysis on day 33 of memory T cells in 

draining lymph nodes and spleen of MC38-huPD-L1 tumor-bearing mice received 

oral administration of 30 mg kg-1 UDCA every other day along with intravenous 

injection with 50 μg SHR1210 every 4 days. f, Computed tomography examination on 

days -13 and 43 of a pancreatic cancer patient who received anti-PD-1 and UDCA 

treatment. The day on which the patient received anti-PD-1 treatment was defined as 

day 0. Representative results from two independent experiments are shown (n = 3-5). 



**P < 0.01; ***P < 0.001 and ns, not significant (unpaired Student’s t-test; mean and 

s.d.). 

 

  



 

Supplementary Fig. 10 ｜ The working model of UDCA-mediated TGF-β 

degradation. UDCA-mediated ligation of TGR5 enhanced intracellular cAMP levels, 

resulting in activation of PKA. Subsequently, PKA phosphorylated TGF-β at the T282 

site, leading to the recruitment of CHIP. Then, CHIP ubiquitinated TGF-β, initiating 

autophagy sorting and subsequent degradation. 


